The lfrA gene of Mycobacterium smegmatis encodes an efflux pump which mediates resistance to different fluoroquinolones, cationic dyes, and anthracyclines. The deletion of the lfrR gene, coding for a putative repressor and localized upstream of lfrA, increased the lfrA expression. In this study, reverse transcription-PCR experiments showed that the two genes are organized as an operon, and lacZ reporter fusions were used to identify the lfrRA promoter region. The lfrRA promoter assignment was verified by mapping the transcription start site by primer extension. Furthermore, we found that some substrates of the multidrug transporter LfrA, e.g., acriflavine, ethidium bromide, and rhodamine 123, enhance lfrA expression at a detectable level of transcription. LfrR protein was purified from Escherichia coli as a fusion protein with a hexahistidine tag and found to bind specifically to a fragment 143 bp upstream of lfrR by gel shift analysis. Furthermore, acriflavine was able to cause the dissociation of the LfrR from the promoter, thus suggesting that this molecule interacts directly with LfrR, inducing lfrA expression. These results suggest that the LfrR repressor is able to bind to different compounds, which allows induction of LfrA multidrug efflux pump expression in response to these ones. Together, all data suggest that the LfrA pump is tightly regulated and that the repression and induction can be switched about a critical substrate concentration which is toxic for the cell.
Multidrug resistance has emerged as a major clinical problem and can arise through a number of mechanisms, including the action of efflux transporters that pump out a wide variety of structurally and chemically dissimilar drugs, dyes, and other compounds (49) . Multidrug efflux transporters are membrane proteins found in both prokaryotes and eukaryotes and are classified into five families. Two of these are large and ancient superfamilies known as the ATP-binding cassette (ABC) superfamily and the major facilitator superfamily (MFS). The other three are smaller families: the resistance-nodulation-cell division (RND) family, the small multidrug resistance (SMR) family, and the multidrug and toxic compound extrusion (MATE) family (25) . The mechanism used to bind and export a broad range of substrates remains poorly understood, largely due to the difficulties posed by the structural analysis of integral membrane proteins. In the case of bacteria, an alternative approach has been the study of proteins that regulate the expression of specific multidrug transporters. The data available today show that multidrug transporters are often expressed under precise and elaborate control at the level of transcription (13) . Examples of both repressors (12, 27, 28) and activators (1, 24) of transcription whose genes are adjacent to that for the transporter have been described. Many of these regulators are local repressors that directly interact with the promoter regions of multidrug resistance (MDR) efflux genes or operons. For example, repressors QacR (Staphylococcus aureus), MtrR (Neisseria gonorrhoeae), AcrR (Escherichia coli), and MexR (Pseudomonas aeruginosa) bind specifically to the promoter sequences of qacA, mtrCDE, acrAB, and mexAB efflux pump-encoding genes, respectively, thereby inhibiting transcription of these genes (9, 12, 15, 29) .
Overexpression of multidrug resistance pumps, resulting in increased bacterial resistance, is usually due to mutations in these regulatory genes (9, 12, 16, 36) . For these reasons, the study of the regulation of MDR efflux gene expression is an important issue in the field of antibiotic resistance. Furthermore, an increasing number of efflux pump genes has also been found to be controlled by global transcriptional activator proteins (13) or by two-component regulatory systems (25) .
Mycobacterium tuberculosis is the infectious agent responsible for tuberculosis. Tuberculosis is often difficult to treat, because M. tuberculosis is intrinsically resistant to most common antibiotics, apparently because of its extremely low cell wall fluidity and permeability (3, 20, 46) . The situation is made worse by the dramatic increase in multidrug-resistant strains. About 50 million people are presently infected with MDR M. tuberculosis strains, defined as resistant to both isoniazid and rifampin, the two first-line drugs used to treat tuberculosis (8) . Along with cell wall permeability, active efflux systems also provide resistance by extruding the drugs that enter the cell. Therefore, it seems reasonable to characterize efflux pumpmediated multidrug resistance in mycobacteria by using Mycobacterium smegmatis as the model organism. Despite several mycobacterial efflux pumps having been characterized (5, 26, 48) , their involvement in intrinsic and acquired drug resistance in mycobacteria remains unresolved (5) , except for the study of the lfrA gene in M. smegmatis (40) . LfrA is an MFS transporter that confers resistance to ethidium bromide, acriflavine, and some fluoroquinolones when overexpressed from a multicopy plasmid (43) . Disruption of the lfrA gene rendered the mutant more susceptible to ethidium bromide, acriflavine, ciprofloxa-cin, doxorubicin, and rhodamine 123 (two-to eightfold decrease in MICs) (40) . These results were also confirmed by Li et al. (26) . The upstream region of lfrA contains a gene coding for a putative TetR family transcriptional repressor, named LfrR, hypothesized to be responsible for regulation of lfrA gene expression (6, 26) . The deletion of lfrR increased the expression of lfrA and resulted in higher resistance to several drugs (26) .
In this study, we demonstrate that lfrR and lfrA genes are cotranscribed by a common promoter. LfrR represses the transcription of the lfrRA operon by directly binding to the promoter region of lfrR-lfrA. We expressed and purified the LfrR protein from Escherichia coli cells, and we demonstrated that it binds to a 143-bp region upstream of the lfrR gene. Furthermore, we identified both the lfrRA promoter region and the transcriptional start site. To investigate the regulation of the lfrA gene, we analyzed its expression by reverse transcription-PCR (RT-PCR) in the presence of compounds hypothesized to be transported by the LfrA pump. Our results indicate that the LfrA pump is tightly regulated.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. All cloning steps were performed in Escherichia coli DH5␣ grown in Luria-Bertani (LB) broth or on LB agar (38) . M. smegmatis mc 2 155 wild-type and mc 2 11 mutant strains were grown in Middlebrook 7H9 medium (Difco) supplemented with 10% (vol/vol) oleic acid/albumin/dextrose/catalase (OADC enrichment) and 0.05% Tween 80 or on Middlebrook 7H11 medium (Difco) supplemented with 10% (vol/vol) OADC. When necessary, antibiotics (Sigma) were added at the following concentrations: ampicillin, 50 g/ml; chloramphenicol, 34 g/ml; carbenicillin, 50 g/ml; and kanamycin, 25 g/ml (for mycobacteria) and 50 g/ml (for E. coli). All strains were grown aerobically at 37°C with shaking at 200 rpm.
DNA techniques. DNA manipulations were performed by standard procedures as described by Sambrook and Russell (38) . DNA restriction and modifying enzymes were used as recommended by the manufacturer (Amersham Biosciences). DNA fragments and PCR products were purified from agarose gels with the Qiaex kit (QIAGEN), unless otherwise specified, according to the manufacturer's instructions. Isolation of plasmid DNA was performed using the Plasmid Mini kit (QIAGEN) according to the manufacturer's instructions. Plasmid DNA was sequenced with the SP6 promoter primer by using an automatic DNA sequencer (ABI-PRISM 3100) (Applied Biosystems). Electroporation of E. coli cells was done as described previously (38) . Electrocompetent mycobacterial cells were prepared and electroporated by using a Bio-Rad Gene Pulser, as described by Parish and Stoker (35) . Following electroporation, M. smegmatis was plated onto Middlebrook 7H11 medium supplemented with 10% (vol/vol) OADC and 25 g/ml of kanamycin.
PCR amplification. All primers used for PCR are listed in Table 1 . PCR amplifications were performed in a volume of 40 l containing 200 M of each deoxynucleoside triphosphate, 500 nM of each primer, 2.5 mM MgCl 2 , 2% dimethyl sulfoxide, 100 ng of mycobacterial DNA, and 5 U of Taq DNA polymerase (Sigma). The protocol used for amplification was as follows: denaturation at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 1 min, annealing for 1 min at a temperature dependent on the primer pair used, and elongation at 72°C for a time dependent on the expected sizes of the products, with a final elongation at 72°C for 10 min.
Construction of lfrR::lacZ and lfrA::lacZ fusions. Various portions of the upstream lfrR region and of the lfrR-lfrA intergenic region were PCR amplified from M. smegmatis mc 2 155 genomic template by using different pairs of primers as follows: RG407-RG409, RG406-RG409, RG405-RG409, RG404-RG409, RG408-RG410, RG407-RG410, RG400-RG402, and RG401-RG402. The PCR fragments were cloned into pGEM-T Easy (Promega) to yield pECR1, pECR2, pECR3, pECR4, pECD1, pECD2, pECA1, and pECA2, respectively. All plasmids were sequenced to make sure that no mutations were introduced in the corresponding regions. Next, the various fragments were fused to lacZ in the 9.3-kb promoter probe vector pJEM12 (45) . To do this, the pEC plasmid series was digested with BamHI and KpnI; the DNA fragments were purified from an agarose gel and then ligated to pJEM12 digested with the same enzymes to produce plfrR1, plfrR2, plfrR3, plfrR4, plfrD1, plfrD2, plfrA1, and plfrA2, respectively. The fusion plasmids were then transformed into M. smegmatis mc 2 155 by electroporation as described above for DNA techniques.
␤-Galactosidase assay. ␤-Galactosidase activity was measured as described by Miller (32) . Activities were determined in M. smegmatis mc 2 155 strains containing the plasmid pJEM12 and all promoter fusion constructs. The assay was carried out at 28°C using ortho-nitrophenyl ␤-D-galactopyranoside (ONPG) as substrate, and the enzyme activity, expressed in terms of Miller units, was detected by measuring the optical density at 420 nm (OD 420 ). Briefly, transformed mycobacterial cells were grown in 7H9 medium supplemented with 10% (vol/vol) OADC, 0.05% Tween 80, and kanamycin (25 g/ml) to an optical density at 600 nm of 0.5. No antibiotic or sublethal concentrations (0.4ϫ MIC) of ethidium bromide (MIC, 8 g/ml) or acriflavin (MIC, 12.5 g/ml) were added, and the cultures were reincubated for 2 h. The cells were then harvested by centrifugation (4,000 ϫ g, 15 min, 4°C), and the pellets were washed and resuspended in 1 ml of phosphate-buffered saline (20 mM phosphate buffer, 150 mM NaCl, pH 7.4). After adding 20 l of chloroform and 10 l of 10% sodium dodecyl sulfate (SDS), aliquots of the lysates were incubated with ONPG at 28°C. The enzymatic reaction was followed spectrophotometrically at A 420 . The ␤-galactosidase activity was determined as follows: A ϭ (OD 420 min Ϫ1 )/(OD 600 ϫ milliliters of culture). Triplicate samples were measured for each bacterial clone.
RNA extraction and RT-PCR. M. smegmatis was grown to an OD 600 of 0.6 in 7H9 medium supplemented with 10% (vol/vol) OADC and 0.05% Tween 80. Ten milliliters of culture was harvested at 5,000 ϫ g for 15 min at 4°C; the cells were resuspended in 200 l of Tris-EDTA buffer (Tris-HCl 10 mM, EDTA 1 mM, pH 8.0) containing 4 mg/ml of lysozyme and sonicated twice for 10 s at 40 W. Total RNA was then extracted using the RNeasy Mini kit (QIAGEN) according to the manufacturer's protocol and treated with DNase I-RNase free (10 U/g of RNA) (Roche) for 30 min at room temperature; the DNase was inactivated at 70°C for 10 min. The RT reactions were carried out by using 2 g of RNA template in the presence of M-MLV Reverse Transcriptase (Promega). Reverse transcription was carried out as follows. Two micrograms of RNA and 100 pmol of gene-specific primers (prexA and RG392, respectively; see Table 1 ) were incubated at 70°C for 5 min and then cooled on ice. Five microliters of 5ϫ reaction buffer, 5 l of 10 mM deoxynucleoside triphosphates, and 200 U of M-MLV Reverse Transcriptase enzyme were added, and the reaction was carried out at 37°C for 1 h. The enzyme was inactivated at 95°C for 5 min, and the reaction was ethanol precipitated. cDNA was dissolved in 20 l of deionized water, and 4 l was used for subsequent PCRs. cDNAs were amplified using primer pairs prexA-RG389 and RG391-RG392 (Table 1) , as described above, with an annealing temperature of 64°C and 54°C, respectively, and an elongation time of 1 min. Samples were analyzed by electrophoresis on 1.5% agarose gels containing 0.5 g/ml of ethidium bromide and visualized under UV light. The same reactions were carried out for each sample without M-MLV Reverse Transcriptase to ensure that amplification was a result of cDNA and not of contaminating DNA molecules.
Primer extension analysis. The primer prexR (Table 1) , which is complementary to the beginning of the coding sequence of the lfrR gene, was used to map the 5Ј transcriptional start site. It was end labeled with 3,000 Ci mmol
32 P]ATP (Amersham Biosciences) by using T4 polynucleotide kinase, as described in the primer extension kit (Promega). Briefly, the labeled primer (6 pmol) was incubated with 60 g of RNA and 5 l of 2ϫ avian myeloblastosis virus primer extension buffer at 70°C for 10 min to melt secondary structures within the template and chilled on ice. The annealing was performed at 68°C for 20 min and at room temperature for 10 min. Extension was carried out with avian myeloblastosis virus reverse transcriptase (Promega), according to the manufacturer's instructions, at 42°C for 30 min; the reaction was stopped by the addition of 20 l of loading dye (98% formamide, 10 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue). The reaction products were separated on a 6% polyacrylamide-8 M urea sequencing gel and were run alongside the sequencing products obtained with the prexR primer. Sequencing reactions were carried out with the Sequenase version 2.0 kit (USB) according to the manufacturer's instructions. The gels were dried and then exposed to X-ray film for 24 h at Ϫ80°C. Induction experiments. In order to detect the expression of the lfrA gene by RT-PCR, M. smegmatis mc 2 155 cells were grown in 7H9 medium supplemented with 10% (vol/vol) OADC and 0.05% Tween 80 to an OD 600 of 0.5. The culture was then split, sublethal concentrations (0.05ϫ to 0.4ϫ MIC) of ethidium bromide (MIC, 8 g/ml), acriflavine (MIC, 12.5 g/ml), ciprofloxacin (MIC, 0.16 g/ml), doxorubicin (MIC, 4 g/ml), and rhodamine 123 (MIC, 5 g/ml) were added, and the cultures were reincubated for 1, 2, and 4 h, respectively. Cells were harvested at 4,000 ϫ g for 15 min and stored at Ϫ20°C until RNA extraction and RT-PCR experiments.
Overproduction and purification of LfrR protein.
To produce hexahistidinetagged LfrR (His 6 -LfrR), the lfrR gene was amplified from M. smegmatis mc 2 155 genomic DNA by PCR with primers RG168 and RG169, which incorporate a BamHI restriction site (Table 1) . PCR conditions were as described above, except that the annealing temperature was 54°C. The PCR fragment was gel purified and cloned into pGEM-T Easy cloning vector (Promega) to generate pGEM/lfrR. The 570-bp BamHI fragment from pGEM/lfrR was then cloned into BamHI-restricted pET15-b (Novagen) to produce pET/lfrR. A fresh colony of E. coli BL21(DE3)pLysS harboring plasmid pET/lfrR was grown overnight at 37°C in LB medium containing chloramphenicol and carbenicillin at a final concentration of 34 g/ml and 50 g/ml, respectively. The culture was diluted 1:100 into 200 ml of the same medium and incubated at 37°C until it reached an OD at 600 nm of 0.5. Isopropyl-␤-thiogalactopyranoside (IPTG) was then added at a final concentration of 0.125 mM, and incubation was continued for 2 h. Bacterial cells were harvested, resuspended in sonication buffer (50 mM NaH 2 PO 4 , 300 mM NaCl and 10 mM imidazole [pH 8.0]), and disrupted by sonication. The lysate was centrifuged at 10,000 ϫ g for 45 min at 4°C, and the His 6 -LfrR protein was recovered from the supernatant by Ni-nitrilotriacetic acid chromatography (QIAGEN) as recommended by the manufacturer. The LfrR protein was eluted with the sonication buffer containing 200 mM imidazole. The homogeneity of the eluted protein was estimated to be 90% by Coomassie blue staining after sodium dodecyl sulfate-polyacrylamide gel electrophoresis. His 6 -LfrR protein concentration was determined by using the Bradford assay (Bio-Rad) with bovine serum albumin (BSA) (Sigma) as the protein standard. Total yield was about 20 mg of purified His 6 -LfrR from 200 ml of culture.
One milliliter of protein was dialyzed overnight at 4°C against 1 liter of dialysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 10% glycerol) to remove imidazole and used for gel mobility shift assay.
Electrophoretic mobility shift assay. The DNA probes for gel shift experiments were obtained by BamHI-KpnI digestion of pECR1, pECR2, and pECA2 plasmids and isolated from agarose gel by using a Ultrafree-DA kit (Millipore) according to the manufacturer's instructions. The fragments were end labeled with [␥-
32 P]ATP (3,000 Ci mmol Ϫ1 ) (Amersham Biosciences) by using T4 polynucleotide kinase (Promega) according to the manufacturer's instructions. Approximately 3.5 nM of the labeled DNA fragments was incubated with 2 M LfrR in reaction buffer (10 mM Tris HCl [pH 7.5], 0.5 mM dithiothreitol, 0.5 mM EDTA, 50 mM NaCl, 10 mM MgCl 2 , 50 ng of salmon sperm DNA, 1 mg/ml of BSA, 4% glycerol) at room temperature for 20 min. The samples were immediately loaded onto a 6% native polyacrylamide gel containing 0.5ϫ TBE (0.05 M Tris base, 0.05 M boric acid, 1 mM EDTA-Na 2 · 2H 2 O) and subjected to electrophoresis. The gels were then vacuum dried and exposed overnight to Biomax radiography film (Kodak). Electrophoretic mobility shift assay was also performed with acriflavine and ciprofloxacin (0.05ϫ and 2ϫ MIC) to test the LfrR modulatory effect upon binding to target DNA. Electrophoretic mobility shift assay competitions were performed with specific and nonspecific competitor DNA. The nonspecific DNA was amplified by PCR with primers A19 and A20 (Table 1 ) and 100 ng of M. tuberculosis DNA. The 369-bp PCR product, consisting of an internal portion of the Rv0191 gene coding for a probable conserved integral membrane protein (http://genolist.pasteur.fr/tuberculist), was isolated from agarose gel as described above.
Unlabeled specific and nonspecific competitor DNA (50-to 100-fold molar excess) were incubated with His 6 -LfrR for 10 min at room temperature, followed by the addition of the labeled probe and incubation for 20 min at room temperature. The resulting DNA-protein complexes were then subjected to electrophoresis and autoradiographed as described above.
RESULTS
Transcriptional analysis of the lfrRA operon using RT-PCR. Previously, it has been reported that the upstream region of lfrA contained a gene coding for a putative TetR family transcriptional repressor, named LfrR, and that the lfrR deletion increased the lfrA expression (26) . These data suggest that LfrR negatively regulates the production of LfrA. Moreover, lfrA disruption in M. smegmatis increased susceptibility to ethidium bromide (40) . To demonstrate that lfrR and lfrA genes are part of the same transcriptional unit, RT-PCR experiments were performed. To this aim, total RNA from M. smegmatis strain mc 2 155, grown in the absence or in the presence of ethidium bromide at a final concentration of 3.2 g/ml, was isolated and retrotranscribed with primer prexA that annealed to the lfrA gene ( Table 1 ). The cDNA was amplified by PCR using primers internal to lfrR and lfrA sequences (RG389 and prexA, respectively), allowing the detection of cotranscription of the lfrR and lfrA genes. An amplification product of 672 bp according to the size predicted from the DNA sequence was obtained in the case of RNA isolated from cells grown in the presence of ethidium bromide (data not shown). The sequence analysis of the amplified product confirmed that this fragment corresponds to the region defined by RG389 and prexA primers. This result demonstrates clearly and for the first time the presumed operon structure of the lfrR and lfrA genes. In our conditions, no amplification was observed when the RNA was isolated from cells grown in the absence of ethidium bromide (data not shown).
Mapping of the lfrRA promoter. Transcriptional lacZ gene fusions carrying various portions of the lfrR upstream regions as well as of the lfrR-lfrA intergenic region were constructed and used to map the lfrRA promoter region. The sizes of the fragments contained in the lacZ fusion plasmids are shown in Fig. 1A . The fusion plasmids were electroporated into M. smegmatis strain mc 2 155, and ␤-galactosidase activities were measured. Cells containing vector pJEM12 did not show any detectable ␤-galactosidase activity, indicating that the endogenous level of expression of the promoterless lacZ was low and negligible (Fig. 1B) . Also, the cells harboring the plfrD1 plasmid, which contains the lfrR region from nucleotide positions ϩ2 to ϩ69 devoid of obvious promoter sequences, did not show any detectable activity (Fig. 1B) . In contrast, plasmid plfrR3 (Ϫ220 to ϩ7) showed the highest activity; however, expression of this activity was not higher in the case of plfrR4 (Ϫ351 to ϩ7), which showed an activity comparable to that of plfrR3 plasmid, suggesting that the entire promoter region is located in the R3 fragment (Fig. 1B) . This hypothesis was consistent with the fact that the plasmid plfrR2 (Ϫ136 to ϩ7) directed expression of a reduced level of ␤-galactosidase activity (Fig. 1B) , followed by plasmid plfrR1 (Ϫ55 to ϩ7), which exhibited a low level of ␤-galactosidase activity.
The ␤-galactosidase activity of the different constructs has also been determined with cultures grown in the presence of ethidium bromide and acriflavine (data not shown). The promoter activity of each construct was similar to that observed in the case of cultures grown without inducers, indicating that these compounds did not affect the promoter activity. The high expression level of the reporter without inducer could be explained by the amplification effect of this region due to the cloning into pJEM12 vector.
In summary, these experiments localized the lfrRA promoter in a region extending 220 nucleotides upstream of lfrR.
Mycobacterial cells containing plfrA1, which carries the entire lfrR-lfrA intergenic region of 71 bp, showed a minimal activity, as did cells containing plfrA2 (Ϫ294 from lfrA to ϩ3), indicating that no promoter activity was present in the intergenic region, thus confirming the RT-PCR data. The ␤-galactosidase activity of a plasmid containing the lfrR-lfrA intergenic region and the entire lfrR coding sequence was not evaluated.
Identification of the transcriptional start point of the lfrRA operon. The transcription initiation point of the lfrRA operon was mapped in cells growing in the absence or presence of ethidium bromide. When total RNA, prepared from M. smegmatis mc 2 155 cells grown in the absence of ethidium bromide, was subjected to primer extension analysis, no signal could be identified, even using different oligonucleotides (data not shown). On the contrary, when total RNA was extracted from an M. smegmatis mc 2 155 culture grown in the presence of ethidium bromide (3.2 g/ml) for 2 h, a single product was identified (Fig. 2A) . The 5Ј end of lfrRA is the A residue that is the first base of the translational initiation codon (Fig. 2A) . No other signal could be identified further upstream with this (Table 1 and data not shown). It is noteworthy that the prexA oligonucleotide gave a product of the right size, in agreement with the prexR primer. The position of the 5Ј end is consistent with the RT-PCR data, which indicated that the two genes are organized as an operon. It is likely that the primer extension experiment identified a bona fide transcriptional start site, because computer analysis of this region of the mRNA did not reveal any significant features, such as putative hairpin structures, known to prematurely arrest reverse transcription. When the sequence upstream of the lfrRA transcriptional start site was compared with sequences of other mycobacterial promoter structures, a putative Ϫ10 box (TATATT) could be identified (Fig. 2B) . No homologous Ϫ35 regions with a canonical distance of 16 to 18 bp have been found; a Ϫ35 box (GGGACA) similar to the consensus sequence of E. coli was identified, but it was at a 28-bp distance from the Ϫ10 box (Fig. 2B) . Some substrates of the LfrA transporter induce transcription of the lfrA gene. It was shown previously that the resistance of M. smegmatis to multiple structurally unrelated compounds, such as ethidium bromide, acriflavine, ciprofloxacin, doxorubicin, and rhodamine 123, can occur when LfrA is overexpressed by cloning the lfrA gene into a multicopy vector (40, 43) . On the other hand, the disruption of the lfrA gene decreased resistance to ethidium bromide and acriflavine but resulted only in a twofold decrease in MICs for the other compounds (40) . Since many of the known bacterial mechanisms of drug resistance are inducible by the corresponding drugs (23) , it was interesting to determine if the expression of LfrA in M. smegmatis is inducible by LfrA substrates. To screen for factors influencing transcription of the lfrA gene, RT-PCR experiments were performed with primers RG391 and RG392 specific for lfrA (with an expected 547-bp product) ( Table 1 ). The expression of the lfrA efflux pump gene was studied by analyzing the relative amount of lfrA mRNA expressed in M. smegmatis mc 2 155 grown in the absence and in the presence of ethidium bromide, acriflavine, ciprofloxacin, doxorubicin, and rhodamine 123, previously reported to be substrates of the LfrA efflux pump (40, 43) . No detectable levels of the lfrA mRNA was observed when M. smegmatis was grown in the absence of any compounds (Fig. 3A, lanes 2 and 7) . On the contrary, a detectable level of the lfrA mRNA was observed in response to different amounts of ethidium bromide (Fig. 3A , lanes 3 to 6 and 8 to 11). The lower concentration of ethidium bromide and the shorter time of the treatment were sufficient to induce the lfrA expression (Fig. 3A, lane 3) . The same result was achieved after treatment of the M. smegmatis culture with 0.05ϫ and 0.4ϫ MIC of acriflavine (Fig. 3B, lanes 2 and 3) and with the highest concentration (0.4ϫ MIC) of rhodamine 123 after 2 h of induction (Fig. 3B, lane 7) . No lfrA mRNA was detected in the case of the RT-PCR amplification of RNA isolated from cultures treated either with doxorubicin or ciprofloxacin at concentrations corresponding to 0.05ϫ and 0.4ϫ MIC (Fig. 3B, lanes 4 and 5 as well as 10 and 11, respectively) . In all experiments, the expression of the gyrA gene coding for the A subunit of the DNA gyrase was determined as an internal control to ensure that the differences observed were not due to variability in the RNA isolation and/or in the RT-PCR technique. The M. smegmatis gyrA expression is unaltered in the mid-logarithmic phase under different growth conditions (Fig. 3A and B) , demonstrating that the differences detected in the amount of lfrA mRNA under different growth conditions are genuine.
Taken together, these results are in favor of the hypothesis that the LfrR protein could act as a repressor of the lfrA transcription. Previously in our laboratory we isolated the M. smegmatis mutant mc 2 11 resistant to different fluoroquinolones, cationic dyes, and anthracyclines (6, 40) . We demonstrated that the LfrA efflux pump was involved in the resistance profile (6, 40) .
Further characterization pointed out that this mutant has an insertion of 18 bp within the lfrR coding region (E. De Rossi, personal communication). Consequently, we hypothesized that the mutated LfrR protein does not repress the lfrA transcription. To verify this hypothesis, RT-PCR experiments with primers RG391 and RG392 were performed using total RNA isolated from M. smegmatis mc 2 11 cells grown in the absence of proper inducer. As shown in Fig. 3C (lane 3) , a good level of lfrA expression was observed, thus confirming that LfrR acts as a repressor. On the contrary, no lfrA transcription was observed when RT-PCR experiments were performed with total RNA extracted from M. smegmatis mc 2 155 wild-type cells (Fig.  3C, lane 2) . The M. smegmatis gyrA expression is unaltered (Fig. 3C) , demonstrating that the differences detected in the amount of lfrA mRNA are genuine.
Expression and purification of the LfrR protein. The M. smegmatis lfrR gene was amplified by PCR, cloned, overexpressed, and purified as a hexahistidine-tagged protein under control of the T7 promoter of the plasmid pET-15b (Novagen), creating a His-tagged protein. The His 6 -LfrR fusion protein was expressed in E. coli BL21(DE3)pLysS cultures, after induction with IPTG at a final concentration of 0.125 mM, and purified to near homogeneity by Ni 2ϩ affinity chromatography. Only one band was visualized on SDS-polyacrylamide gel electrophoresis, which represents the purified protein; this band has an apparent molecular mass of about 21 kDa (data not shown), which is close to value calculated for the 189-aminoacid fusion protein monomer. The purified LfrR protein was used for all subsequent band-shift analyses.
Binding of LfrR to the region upstream of lfrR. To determine if LfrR regulates the lfrRA operon via direct interaction with the promoter upstream of lfrR, gel mobility shift assays were performed. The purified His 6 -LfrR protein, when incubated with the end-labeled 143-bp lfrR promoter, isolated by BamHI-KpnI digestion of plasmid plfrR2 (Fig. 1A) , showed a clear shift in the DNA-binding pattern, although two different LfrR-DNA complexes could be detected (Fig. 4, lanes 2 and 3) ; these retarded complexes are shown in Fig. 4 by the letters b and c, while the letter a indicates the free labeled 143-bp probe. This would suggest the labile formation of higher-molecularweight complexes because of multimerization of LfrR on the DNA probe. Alternatively, this would indicate the presence of two potential binding sites in the upstream sequence of lfrR and that LfrR binds with different affinities to these two sites within the lfrR upstream sequence. The observed shift was not complete, as demonstrated by the presence of free labeled probe, probably due to incomplete labeling of the promoter fragment leaving unlabeled "competitor" DNA. However, similar results were achieved when the 227-bp fragment from plfrR3 was used. His 6 -LfrR binding to the 143-bp fragment was specific, since the band shift was completely and partially inhibited in the presence of a 100-and 50-fold molar excess of unlabeled fragment, respectively (Fig. 4, lanes 5 and 6) . The (Fig. 4, lane 4) ; the specific binding activity of LfrR to the 143-bp fragment is retained, indicating that LfrR binding to the lfrRA promoter region is sequence specific. Gel shift assays were also performed with His 6 -LfrR and the end-labeled 62-bp or 297-bp fragment (Fig. 1A) , isolated by BamHI-KpnI digestion of plasmids plfrR1 and plfrA2, respectively. These two fragments did not cause any band shift when incubated with the His 6 -LfrR protein (data not shown).
To confirm the hypothesis that LfrR acts as a repressor of the lfrRA operon, dissociating from the upstream region upon drug binding, the effects of ciprofloxacin and acriflavine were also tested for their ability to dissociate the LfrR-DNA complex. Addition of an excess amount of acriflavine (25 g/ml; 2ϫ MIC) abolished the LfrR binding to the 143-bp labeled fragment (Fig. 4, lane 8) , suggesting that this drug acts as an inducer that antagonizes the interaction between LfrR and DNA. These data are consistent with RT-PCR experiments, which showed a detectable level of lfrA mRNA only in the presence of acriflavine as well as ethidium bromide, both substrates of the LfrA efflux pump. This indicates that the presence of this compound causes the dissociation of the protein from the DNA, thus allowing the transcription to proceed. On the contrary, the addition of ciprofloxacin (0.32 g/ml; 2ϫ MIC) did not have any effect on LfrR binding to the 143-bp labeled fragment (Fig. 4, lane 7) , suggesting that this drug does not dissociate the LfrR-DNA complex. These data are broadly consistent with the substrate specificity of the LfrA pump and strongly confirm RT-PCR results.
DISCUSSION
The first efflux pump described in mycobacteria, the protein LfrA, was identified in M. smegmatis. LfrA confers resistance to ciprofloxacin, other fluoroquinolones, ethidium bromide, and acriflavine (43) , but also to anthracyclines and rhodamine 123 when cloned into a multicopy plasmid (40) . More recently, a gene coding for a putative TetR family transcriptional repressor, named LfrR, was identified upstream of the lfrA gene (26) .
In this work we show, by RT-PCR experiments, that lfrR and lfrA genes are organized as an operon. The use of lacZ fusions narrowed the lfrRA promoter to a region located within 220 nucleotides upstream of lfrR. Primer extension analysis confirmed that the transcriptional start site of lfrA is indeed upstream of the lfrR gene, and it was found that the A residue is the first base of the translational initiation codon of the lfrR gene. The leaderless mRNA is consistent with the lack of a Shine-Dalgarno sequence upstream of the lfrR gene (11, 19) . Alignment of the region centered around position Ϫ10 (TATATT) consensus sequences from the transcriptional start site of the lfrRA genes showed significant sequence similarities to E. coli consensus promoters according to the study of Bashyam et al. (2) . Sequence similarities were found also in respect to other mycobacterial promoters, in particular to the acetamidase gene (100% identity) (30) and to the S16 promoter (83% identity) (2) of M. smegmatis. One putative Ϫ35 region (GGGACA) was found positioned at an unusual spacing, 28 bp from the Ϫ10 region, showing 66% identity with the E. coli consensus promoter and with the Ϫ35 region (TT GACA) of the M. smegmatis rrnAP3 and rrnAPCL1 promoters (10) . No other homologous Ϫ35 regions with a canonical 16-to 18-bp distance have been found; it is noteworthy that in mycobacteria there is a greater heterogeneity at the Ϫ35 region, reflecting a higher GC content, and in many cases there is no identifiable Ϫ35 element (42, 47) . This could also explain why plfrR1 does not express LacZ: maybe the plfrR1 construct does not contain the lfr promoter. Moreover, the upstream region is also important for regulation and promoter activity, as demonstrated with plfrR3 and plfrR4 constructs. However, promoters that lack a canonical Ϫ35 sequence but are still functional have been reported in mycobacteria (2) . For mycobacterial promoters, where apparent conservation in Ϫ35 region is absent, many of them possess TGN nucleotides immediately upstream of the Ϫ10 region, and thus they are termed "extended Ϫ10 promoters" (42) . This "extended Ϫ10 promoter" is also present as TGC upstream of the Ϫ10 region of the lfrR gene (Fig. 2B) .
It was not surprising that lfrA expression was inducible by ethidium bromide and acriflavine and, in part, by rhodamine 123, as this was reported for other drug efflux pumps of different bacteria, such as Bmr of Bacillus subtilis (1) and TtgABC (44) and SrpABC (24) of Pseudomonas putida. It is interesting to note that the two compounds for which the MICs strongly decrease in an M. smegmatis lfrA-deleted strain (40) are the ones that can induce the expression of the pump itself. In this way we demonstrate what was postulated in the previous work (40) : ethidium bromide is a better inducer of the expression of lfrA than ciprofloxacin. It is noteworthy that the lfrA gene is highly expressed in the M. smegmatis mc 2 11 mutant characterized by a mutated LfrR protein.
The critical role of LfrR on the regulation of LfrA in M. smegmatis and its binding site were defined by electrophoretic mobility shift assay: LfrR represses the transcription of lfrA. This feature resembles the control of TetA by TetR, in which the basal level of expression of tetA is minimal in the absence of tetracycline (13) . This is probably due to the fact that both LfrA and the TetA pumps are specific for specific substrates and constitutive expression of lfrA, and tetA is not required in the absence of these compounds. On the other hand, the overproduction of efflux pumps in the absence of selection pressure or substrates has been demonstrated to be deleterious to some organisms (7, 33, 39) . Therefore, there is a need for regulatory systems to modulate the expression of MDR efflux pumps in bacteria. In this respect, LfrR acts as a moderator to maintain balanced production of LfrA to meet the physiological needs and facilitate the adaptation of M. smegmatis to environmental changes, including antibiotic treatments.
It was previously reported that the expression of MDR efflux pumps can be conditionally induced by structurally diverse substrates of these pumps (1, 4, 12, 21, 22, 29, 31, 37) . This induction is due to the direct interaction of the substrates with repressor molecules, which interferes with the binding of repressors to operator DNA and which results in increased levels of expression of MDR pump genes. Here we show that the inducible expression of LfrA following treatment with ethidium bromide, acriflavine, or rhodamine 123 is mediated by LfrR. Indeed, acriflavine is able to abolish the binding of LfrR to the 143-bp promoter region (Fig. 4) , thus allowing the transcription to proceed. This finding is consistent with the in vivo induction of lfrA expression by acriflavine and strongly indicates that acriflavine-mediated inhibition of LfrR binding to lfrRA promoter is responsible for the enhanced transcription of lfrA.
Transcriptional regulators of the TetR family are characterized by a conserved helix-turn-helix-containing DNA-binding domain at the N-terminal region and a divergent C-terminal sequence that is involved in binding to various inducing ligands (14, 17, 18) . Binding by an inducing compound to the Cterminal region triggers conformational changes in the N-terminal DNA-binding domain, reducing the affinity of a regulator to its target promoter DNA (13) . Such structural changes in a repressor induced by the binding of a ligand have been confirmed for several regulator proteins in the TetR family, such as TetR and QacR (34, 41) . Similar to other TetR family regulators, LfrR has a typical N-terminal DNA-binding helixturn-helix motif and a potential ligand-binding region in the C-terminal portion (26) . Therefore, it is likely that acriflavine interacts with the C-terminal region of LfrR and induces conformational changes in the repressor, resulting in a great reduction in its DNA-binding affinity.
The absence of an interaction among ciprofloxacin and LfrR was surprising given earlier observations of reproducible ninefold increases in the MIC of this compound when lfrA was overexpressed, establishing that it is a LfrA substrate (40) . The explanation for this apparent paradox simply may be that not all LfrA substrates must be inducers, and LfrA may be more promiscuous than LfrR. A relevant example of such a behavior is given by the QacA efflux pump, which extrudes compounds that do not induce its expression or bind to the QacR repressor (12) .
The ability of LfrR to interact functionally with dissimilar molecules can seemingly have two explanations. The first hypothesis suggests that the function of the LfrR-LfrA system is to protect bacteria from diverse environmental toxins. The alternative hypothesis suggests that LfrA has evolved to effluxspecific compounds while the ability of this protein to bind and efflux diverse drugs is merely a fortuitous side effect of its normal function.
There is no known homolog of the lfrA gene in the M. tuberculosis genome. This indicates that M. smegmatis (for which a genome size of 7.5 Mb has been estimated, versus the 4.4-Mb size of M. tuberculosis) will contain many other MFS transporters different from those identified in M. tuberculosis.
In conclusion, we demonstrate definitively that LfrR is the lfrA transcriptional repressor. Furthermore, the expression of the LfrA efflux pump is regulated by some of its substrates, and this regulation is mediated by its repressor LfrR.
